The IWA's Biofilm Modeling Task Group created a multi-species benchmark problem in which heterotrophic bacteria, nitrifying bacteria, and inert biomass coexist in a biofilm. Members of the Task Group submitted solutions from nine different one-dimensional models. The most important distinctions among the models were (1) whether the model required a full numerical solution or was solved with a spreadsheet, and (2) the way the biomass types were distributed in the biofilm. The models that protected the slow-growing species by having them accumulate away from the outer surface always had the largest surface coverage by nitrifiers and inerts, but the heterotroph coverage declined to compensate. Coverage by heterotrophs and removal of substrate COD were most strongly affected by dilution from nitrifiers and inerts near the outer surface. Models that did not allow the nitrifiers and inerts to dilute the heterotrophs significantly in the outer layer predicted more removal of COD than did the other models. The choice of the model to use depends on the user's needs and the relative importance of including protection of slow-growing species and/or dilution of fast-growing species.
Introduction
The IWA's Biofilm Modeling Working Group created a benchmark problem that involved multiple species co-existing in a biofilm. The goal for this benchmark (designated Benchmark 3, or BM3) was to emphasize ways to model microbial interactions in biofilms. To meet the goal, the benchmark problem included three biomass types having distinctly different metabolic functions: aerobic heterotrophs; aerobic, autotrophic nitrifiers; and inert (or inactive) biomass. This scenario represents a common situation for biofilms in nature and in treatment processes for wastewater and drinking water.
The modeled system for BM3
For simplicity and comparability, BM3 used the same physical domain as the standard case of the first benchmark problem (Morgenroth et al., 2004) : a flat biofilm substratum in contact with a completely mixed reactor experiencing a steady flow rate. The standard parameters defining the physical domain are listed in Table 1 .
For simplicity, the multi-species benchmark treated the nitrifiers as one "species" that oxidizes NH 4 + -N directly to NO 3 --N. Thus, it did not consider the intermediate NO 2 or the division of nitrifiers between ammonia oxidizers and nitrite oxidizers (Rittmann and McCarty, 2001) . Active heterotrophs and nitrifiers followed Monod kinetics for substrate utilization and growth. They also underwent decay following two paths: (1) lysis and oxidation by endogenous respiration, and (2) inactivation to form inert or inactive biomass. The inert biomass did not consume substrate, and it was not consumed by any reactions. All forms of biomass could be lost by physical detachment. Table 2 summarizes the stoichiometry of all the reactions involving the three biomass types -X H for heterotrophs, X N for nitrifiers, and X I for inerts -and three substrates -C S for the organic donor substrate (as COD), C N for NH 4 + -N, and C O2 for dissolved oxygen. For comparability, the multi-species benchmark used the same Monod kinetics and stoichiometry for the heterotrophic bacteria as in the first benchmark problem (Morgenroth et al., 2004) . Table 3 defines the heterotroph parameters and their values. Table 4 lists the comparable parameters for the nitrifying bacteria. In order to avoid making the benchmark problem any more complicated than necessary, the Working Group included neither uptake of NH 4 + -N for synthesis nor its release during respiration.
The standard case, represented by the reaction conditions of Tables 3 and 4 , provided a rigorous comparison among the different models, because it allowed all biomass types to be present in significant amounts and also gave significant substrate gradients in the biofilm. In addition to the standard case, the Working Group altered reaction conditions in order to create special cases that emphasized certain aspects of a multi-species biofilm. The altered conditions and results for two special cases are presented here. Notes: M X = mass of biofilm (g COD ); V f = volume of biofilm (m 3 ); COD = chemical oxygen demand; and subscripts f, in, X, S, and O2 refer, respectively, to in the biofilm, the influent, biomass (as COD), organic-substrate COD, NH 4 + -N, and dissolved oxygen 
The one-dimensional multi-species models
The companion paper by Wanner et al. (2003) describes the foundation for all the onedimensional models and the special features of each. This section provides a brief summary. The model submitted by Wanner (designated model W), the model submitted by Eberl (E), and two models submitted by Morgenroth (M1 and M2) required numerical solution of the non-steady-state differential equations. Models W, M1, and M2 exploited the AQUASIM software (Reichert, 1994; Wanner and Reichert, 1996) , while model E exploited a different computer code. The models submitted by Rittmann and Schwarz (RS1, RS2, and RS3) used pseudo-analytical solutions for a steady-state biofilm (Sáez and Rittmann, 1992) . Perez and van Loosdrecht provided two solutions (PV1 and PV2) that used analytical solutions.
The way in which a model represented the distribution of the three biomass types is the most important characteristic that distinguished them. Models W and M1 allowed the distribution to develop naturally according to the relative growth rates of the biomass types. The other models imposed different constraints on the location of the different biomass types. Model RS1 was the simplest case, because the three types of biomass were independent of each other. Each biomass type was present at X f,Tot and was, therefore, not diluted by any other type. Models M2, E, RS3, PV1, and PV2 imposed uniform distributions throughout the biofilm. Thus, the different types of biomass diluted each other evenly at all points in the biofilm. Model RS2 imposed a layered distribution in which all heterotrophs were in the outer layer, all nitrifiers were in a middle layer, and all inerts were in a layer closest to the substratum (Furumai and Rittmann, 1994) . This distribution is a simplified representation of the observed "fuzzy layering" of faster growing species on top of slower growing species (Rittmann and Manem, 1992; Wanner and Gujer, 1986; Kissel et al., 1984 ; Wanner and Reichert, 1996) . The inner layers were protected, which means that their b det values were 10% of b det for the heterotrophs. With layering, the different biomass types did not dilute each other, but the nitrifiers experienced a reduced NH 4 + -N concentration because the NH 4 + -N diffused through the heterotroph layer before reaching the nitrifier layer. Table 5 summarizes the key output results for the standard case. Each row represents one model. The columns provide the bulk-liquid concentrations (g/m 3 ) of substrate (COD) and NH 4 + -N, the fluxes (g/m 2 -d) for COD and NH 4 + -N, and the average surface coverage (g CODX /m 2 ) of heterotrophs, nitrifiers, and inert biomass. The last row gives the mean value for eight results in each column; the result for PV2 is not included in the mean, because it was systematically different from the others. In the table, entries in boldface type are noticeably larger than the mean, while values in italics are smaller. The first key difference illustrated in Table 5 is the distribution of the three types of biomass. W, M1, and RS2 show substantially more nitrifiers and inerts than do the other models. To balance, the heterotrophs are less. W, M1, and RS2 are the models that protected the slow-growing species by having them migrate to the back of the biofilm. This migration occurred naturally due to the way surface detachment was implemented in W and M1, while layering was imposed a priori in RS2.
Results and discussion
When the nitrifiers were not protected by being near the substratum, their mass was much lower, which resulted in a significant decrease in the NH 4 + -N flux and increase in the bulk concentration of NH 4 + -H, as indicated for M2, E, and RS3. These are three models that imposed an even, average biomass distribution for all locations in the biofilm. The higher COD fluxes (and lower C S ) with RS1, RS2, and PV2 are a second key difference. They occurred for models RS1 and RS2 because these models avoided any dilution of the heterotrophs with nitrifiers or inerts near the outer surface of the biofilm. RS1 did this by making the calculations of heterotroph and nitrifier flux independent of each other, while RS2 placed all nitrifiers and inerts in layers behind the heterotrophs. PV2 gave a higher flux of COD (and NH 4 + -N, too) because it used zero-order kinetics throughout the biofilm. This trend of PV2 having higher fluxes is common for all cases and is inherent to the zero-order solution. Third, M2, E, and RS3 predicted similar results for all parameters, and this reflects that each of them distributed the biomass types evenly across the biofilm. Although each of the models achieved an even biomass distribution by a different strategy, the model predictions were quite similar. For each column, the boldface entries are larger than the mean, while italic entries are smaller than the mean. The column mean does not include the result from model PV2 Table 6 summarizes the outputs for the first special case: a high influent N:COD ratio, achieved by increasing the influent NH 4 + -N concentration from 6 to 30 g N /m 3 . The high N:COD ratio accentuated any interaction that is controlled by the presence of nitrifiers. The surface coverage of heterotrophs was smaller for the three models that protected slower growing species by having them accumulate near the substratum. Among the three models, RS2 favored the accumulation of nitrifiers more than did W and M1, because it placed all of the nitrifiers in a protected layer behind the heterotrophs. Although model RS2 had the highest accumulation of nitrifier biomass (and inerts), its NH 4 + -N flux was not as large as for W and M1. This reduction in J N occurred because of the added mass-transport resistance to get NH 4 + -N across the heterotroph layer to reach the nitrifiers.
For the heterotrophs, RS1, RS2, and PV2 had the highest substrate fluxes and lowest bulk COD concentrations. The first two models had higher J s values because the heterotrophs in the outer layer were not diluted in any way by nitrifiers or inert biomass. Increasing the accumulation of nitrifiers in this special case accentuated the dilution effect on heterotrophs near the outer surface. PV2 had a higher J s value because it used zero-order kinetics, and its J N value was higher than all other J N values for the same reason. Table 7 summarizes the outputs for the second special case: a low influent N:COD ratio, achieved by decreasing the influent NH 4 + -N concentration from 6 to 1.5 g N /m 3 . The low N:COD ratio accentuated factors that could lead to the loss of nitrifiers.
The most dramatic effect shown in Table 7 is that the nitrifiers were present only when protected by being near the substratum. The effect was stronger with W and M1, compared to RS2. The difference was caused by the added mass-transport resistance to transport NH 4 + -N across the heterotroph layer to reach the nitrifier layer in RS2, leading to a lower J N Table 5 for notes and a higher C N . Another factor was the "degree of protection" imposed a priori in RS2. All modeling cases made b det for the inner, protected layers 10% of b det for the outer heterotroph layer. A smaller ratio would protect the nitrifiers more and make the results of model RS2 closer to those of W and M1. PV2 also allowed some nitrifier accumulation due to its faster zero-order kinetics. Compared to W and M1, RS2 had a higher substrate (COD) flux and lower bulk concentration of COD, since the nitrifiers and inerts did not dilute the heterotrophs at all. This is why RS2 matched RS1 for substrate COD, even though nitrifiers were present with RS2, but "washed out" with RS1.
With nitrifiers "washed out of the biofilm," M2, E, and RS3 gave almost the same results for substrate COD. On the other hand, RS1, which also had no nitrifiers, had a larger J S and a smaller C c . This occurred because the inerts did not dilute the density of the heterotrophs.
Summary and conclusions
The results of the multi-species benchmark problem illustrate that many one-dimensional models can represent the important interactions that can occur in biofilms in which distinctly different types of biomass can co-exist. One key choice is between models that demand a full numerical solution versus those that can be implemented with a spreadsheet. A second choice concerns the way in which the biomass is distributed. The simplest approach is to assume that the biomass types are independent of each other, as in RS1. This approach may work well when protection of a slow-growing species or dilution of a fast-growing species is not a major issue. When protection of a slow-growing species is critical to an accurate representation, then a model that accumulates the slow growers away from the outer surface is essential (e.g., W, M1, and RS2). When the dilution of a fast-growing species by slower growers is key, then a model that distributes the different biomass types throughout the biofilm is essential (e.g., W, M1, M2,PV1, E, and RS3).
